When a delay occurs in a project, there are basically two options: prescribing overtime work and injecting additional resources, in order to meet the project schedule of certain activities. This paper uses economic analysis to demonstrate that a decision maker will select the most suitable alternative by considering productivity losses in overtime work and the relative unit costs between different labor and resource inputs. The paper also suggests some avenues for future empirical research in construction overtime work.
Introduction
There are numerous articles that have indicated that excessive amounts of overtime work can contribute to losses in productivity and reduced quality in projects (Halligan et al., 1994; Thomas and Raynar, 1997; Arditi, 1998) . Similarly, Li et al. (2000) have also argued that excessively prolonged overtime work can generate quality problems as a result of declines in productivity. When a delay occurs, Li et al. (2000) argue that there are three possible situations that a project manager may be confronted with additional costs, a decline in quality and rework. Yet, a project manager is often faced with the following options: either prescribes overtime work and/or injects additional resources, in order to meet the project's schedule. While injecting additional resources can significantly increase project costs, prolonged overtime work may cause declines in productivity and performance, which may also generate rework. Li et al. (2000) , by using a simple utility function, have evaluated the relative ratings of the alternatives, and concluded that assigning 50% overtime work and 30% additional resources is the "best" way to resolve delays in such a case.
It should be noted, however, that in the three possible situations arising from the delay, quality decline and rework generation, are in fact, a source of additional costs. In the case of a decline in quality, the additional cost is implicit. Furthermore, a decline in quality will usually contribute to rework being experienced. Thus, it is not difficult to convert the amount of quality decline into a cost equivalent. While the utility function is useful for analysis of consumption behavior, it appears that the use of such utility function in cost analysis is inappropriate. Moreover, a utility function that is only based on a single factor is also too simplistic for the analysis reported in Li et al. (2000) . Furthermore, it is strange that the "solution" suggested by Li et al. (2000) is independent of the relative cost between different options. For instance, the cost of injecting additional resources may be high relative to expanding overtime work. Injecting additional resources into a particular activity may lead to overcrowding (i.e. stacking of subcontract trades) and therefore reduce work effectiveness, and in some instances lead to additional rework.
Unfortunately, research that focuses on the economic impact of overtime work in construction has been limited, incomplete, or some cases questionable. This paper examines the complex nature of attaining a trade-off between overtime working and the procurement of additional resources. In contrast to the utility function employed by Li et al. (2000), we have developed a cost model to evaluate the options of prescribing overtime work and injecting additional resources, so that a project manager can effectively manage project cost. The proposed model builds upon the research propagated by Li et al. (2000) and offers some economic theoretical insights into decision-making when confronted with delays in projects.
Model
First of all, the additional costs incurred due to a delay may contain two parts: (a) the prescribed overtime work, and (b) the injected additional resources. However, for longer periods of overtime, fatigue will invariably increase. Bearing this in mind, we introduce a labor productivity function:
where L m refers to the threshold level of labor input of a single worker, and P is the normal productivity level. It should be noted that the threshold labor input could include a certain amount of overtime. Noteworthy, Thomas and Raynar (1997) suggest that it is possible to work overtime for three to four weeks without losses of productivity. In general, it is hypothesized that when the amount of labor input of a single worker does not exceed L m , the normal productivity level is attained and remains constant. However, when the amount of labor input exceeds the threshold labor input L m , the normal productivity level tends to decrease with labor input. Thomas and Raynar (1997) found that on average, productivity losses of 10% to 15% were observed when overtime work was undertaken. The overtime losses can even exceed 15% if the project is already behind schedule because of other problems, such as incomplete design, change orders, or industrial relation disputes. In our analysis, a productivity loss function is applied to labor when overtime is undertaken. That is to say, we assume that the labor, which is required to undertake overtime is subject to a decreasing productivity function, depending upon the amount of overtime input. Hence, the total additional cost incurred due to a project delay is expressed as:
subject to the constraint
where, L x = labor input for overtime workers L y = input of additional resources β x = unit cost of employing overtime workers; β y = unit cost of employing additional resources; W = a given target of work to be accomplished due to the delay.
Equation (2) indicates that the sum of the total input of overtime and additional resources is sufficient to accomplish the work target. The problem, therefore, is to minimize the linear cost function C [Eq. (1)] subject to the stochastic work target constraint [i.e. Eq. (2)].
Substituting L y from Eq. (2) into Eq. (1) yields
Equation (3) implies that the cost consists of one fixed component and one variable component depending on the overtime labor input. The existing problem is to minimize the variable component. Thus, minimization implies that
where α (L x ) = ∂α/αL x . From Eq. (4), the optimal level of overtime labor input is determined by
where λ = β x /β y , representing the relative unit costs of overtime input to additional resources. If we put L * x into Eq. (2), L * y can be obtained. Hence, the optimal combination of overtime work and additional resources can be determined.
As is expected, Eq. (5) indicates that the overtime work would have to be reduced if the loss of productivity (α * ) and/or the relative unit cost of overtime work increase. To give a numeric example, let α * = 10%, λ = 0.8 and α * = 0.1%, then L * x = 100. Suppose that W/P = 150, then L * y = W/P − (1 − α(L x ))L x = 150 − 0.9(100) = 60. In this case, the resource spent on overtime work relative to other additional resources is 100 × 0.8 : 60 × 1 = 4 : 3 or 1.33 : 1. As shown in Table  1 , when the unit cost ratio λ increases, the resource spent on overtime work will decrease relative to other additional resources. Note that only overtime work will be employed when λ ≤ 0.733, and no overtime work will be employed when λ ≥ 0.9.
Under the equilibrium condition,
Differentiating both sides with respect to W yields:
and
These results indicate that an increase in the amount of target work always leads to increases in both the employment of overtime work and additional resources.
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The main condition for Eq. (5) to hold is that it cannot be negative, so that
and 0 ≤ λ ≤ 1. This condition implies that the expected percentage loss of productivity in the overtime work due to fatigue should not be higher than the percentage of unit cost of employing additional resources over the overtime work. Moreover, the unit cost of employing additional resources should always be higher than using overtime work. Otherwise, it is always profitable to employ labor to undertake overtime to complete delayed activities.
Conclusions
When a delay occurs in a project, there are basically two options: prescribing overtime work and injecting additional resources, in order to meet the project schedule of certain activities. While injecting additional resources can significantly increase project costs, prolonged overtime working may cause declines in productivity and performance, which may also generate rework. In contrast to previous research, such as that suggested by Li et al., this paper argues that the problems arising from the overtime work can be generally represented by a cost function. This study shows that the solution of the problem can be obtained by minimizing the linear cost function subject to a stochastic work target constraint. In this paper, we take a more complete view of the relationship between overtime work and productivity loss. The authors have demonstrated that the resource spent on overtime work relative to other additional resources depends upon their relative unit cost and the productivity loss due to overtime work. The findings advanced here, in relation to others, generate interesting results. Particularly, we find that a mix of overtime work and other additional resources is possible only if their relative unit cost lies within a certain range of values. The implication is that productivity loss is an important indicator of the choice of overtime work, but other factors such as the relative unit cost and how the quality of rework affects cost function also play key roles. Finally, this paper suggests some avenues for future empirical research in construction overtime work. It is particularly useful to determine to what extent the quality of rework can be fit into a cost function, and overtime work affects productivity loss.
